Combustion and Propulsion Research by Penner, S. S.
Combustion Chemist 
Research scientist uses 
high-speed photography to 
study burning of solid 
propeilant strand 
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That venerable branch of 
chemical science, combustion 
chemistry, links the past with 
future its application to 
space age developments. It 
also links chemists with physicists, engineers, and 
other members of the various professions a 
unified effort to reach the planets. 
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Combustion chemistry is one of the 
oldest branches of chemical science. 
Among its pionecrs must be counted 
Lavoisier, Bunsen, and others whose 
names belong among those of the 
founders of chemical science. That 
this close connection between com-
bustion science and chemistry con-
tinues is well illustrated by the work 
of C. N. Hinshelwood and N. ~. 
Semenov in eillcidating chain reaction 
mechanisms, for which they sharcd the 
19.56 Nobel Prize. This work was at 
least partly motivated by diffielllties 
in solving a classical problem jll com-
bustion science, viz., measurement of 
cxplosion limits for premixed gases in 
closed vessels. 
Historically, the beginnings of com-
bustion science are inextricably linked 
with research in chemical kinetics and 
high temperature thermochemistry. 
Fairly recently, a new impetus to 
progress in the field resulted from a 
broadened scope: Combustion he-
came essentially a study of chemical re-
actions in How systems, thlls leading to 
a combination of the disciplines of 
fluid dynamics and chemical kinetics. 
This particl1lar combination is not new. 
In various specialized forms, it has 
long been familiar to chemical engi-
neers. But an important period of 
accelerated growth and deepened 
understanding came from the stimllllls 
of modern propulsion development, 
particularly from the evolution of 
rockets and ramjet engines. Only 20 
years ago, combustion science in the 
western nations was largely a special-
ized study of chemical reaction mech-
anisms and rates, practiced by a small 
group of physical chemists. As such, 
it was sparked by the pioneering ef-
forts of men like Bernard Lewis, Hoyt 
C. Hottel, Wilhelm Jost, and Sir Alfred 
Egerton. 
The significance of the interplay be-
tween fluid mechanics and chemical 
kinetics was first recognized, perhaps, 
by the Russian school of Semenov, 
Zeldovich, Frank-Kamenetsky, and 
others, whose research activities re-
mained relatively unknown in the 'West 
until the early 1950's. During thc 
past decade, the beginnings of a well-
defined scientific discipline have 
evolved, encompassing in quantitative 
form the classical fields of chemical 
kinetics, thermochemistry, and fluid 
mechanics. This discipline lends itself 
to rigorous formulation of some in-
teresting problems. But, at the same 
time, it demands of its adherents a 
very highly developed intuition and 
physical insight in order to permit the 
reduction of physical problems to 
tractable form. In general, the largest 
uncertainties in quantitative work are 
still directly related to deficiencies in 
our knowledge of chemical reaction 
rates and mechanisms. 
Basic Combustion Research 
We may conveniently discuss the 
efforts to understand the atomic and 
molecular processes responsible for 
observable combustion phenomena by 
considering a simple experiment. 
Thus, we may look at the essential as-
pects of the physical phenomena that 
occur upon ignition-with a match, for 
example-of a combustible mixtme of 
gases that are contained in a long 
tube. 
In this experiment, the astute ob-
server will ask at least five separa tc 
questions: 
G What conditions are required for 
igniting a combustible mixture? 
€I After ignition, why does a stable 
flame sometimes fail to propagate 
the gas mixture; that is, what 
is it that determines flammability 
limits? 
€I If a stable flame (deflagration 
wave) does propagate through the gas 
mixture, what is the propagation ve-
locity-what determines the laminar 
flame, or deflagration, velocity? 
@l Why does the propagation velocity 
appear to accelerate in sufficiently 
long tubes, particularly if the tube wall 
is roughened? In other words, what 
determines the transition from defla-
gration to detonation? 
@l Again, for a sufficiently long tube, 
the propagation velocity reaches a 
steady high value; that is, a steady 
detonation wave propagates through 
the tube. \Vhat is it that determines 
the propagation velocity of a detona-
tion wave? 
If we look at these questions se-
quentially, we see that the first, sec-
ond, and fourth are related to transient 
phenomena, while the third and fifth, 
on the other hand, are concerned with 
the magnitude of observed, stable 
propagation velocities. 
Laminar Flames in Premixed Gases 
A truly basic problem of combustion 
science is to describe laminar flame 
propagation in a quantitative way. 
The trcatment requires a detailed de-
scription of the interplay of chemical 
and physical processes in a flow sys-
tem, and this, in turn, can be had only 
by solving the coupled equations of 
flow with chemical reactions. 
The ideal process of one-climen-
siollaL laminar flame propagation with-
out convection currents, heat losses, or 
other wall effects can be visualized in 
a perfectly smooth-walled tube con-
taining a quiescent and combustible 
mixture of gases. The one-dimen-
sional flame front lies normal to the 
axis of the tube, and it moves through 
the gas mixture in a direction parallel 
to the axis. The flame velocity (or 
laminar burning or deflagration ve-
locity) is taken as the propagation ve-
locity of the flame region into the un-
burned gas mixture. 
The laminar flame velocity is an 
eigenvalue of the problcm. It depends 
on gas composition, temperature, and 
pressure through the parameters meas-
uring the "over-all" chemical reaction 
rate for conversion of reactants to re-
action products; and it depends, at thc 
same time, on applicable heat conduc-
tion and diffusion rates, as well as on 
such other physical quantities as the 
Test. Stability of the shock 
diamonds in the exhaust pattern of 
medium size solid-propellant rocket 
engine indicates stable and reproduc-
ible combustion. The mechanism of 
decomposition and burning rate of 
solid propellants is important in 
understanding stability behavior in 
solid-fuel rockets 
heats of reaction and the specific heats. 
The adiabatic, one-dimensional 
problem has a solution only if we as-
sume either that the chemical reaction 
rates are zero below a well-defined ig-
nition temperature, or that a small 
amount of heat is lost at a region where 
the flame is anchored-that is, at the 
flame holder. Theodore von Karnu1.n, 
first recipient of the National Medal of 
Science (and with whom the author 
was associated on combustion research 
some 10 years ago), J. O. Hirschfelder, 
and other scientists have demonstrated 
the mathematical equivalence of these 
two concepts, and predicted flame ve-
locities have been shown to be in good 
accord with measured values in the 
cases of those gas mixtures where good 
reaction rate data are available. Ex-
amples of such agreement are found in 
the ozone decomposition flame in 
ozone-oxygen mixtures, in flame propa-
gation through hydrogen-bromine mix-
tures, and in the hydrazine decomposi-
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One-Dimensional A one-
dimensional, laminar /lame, propagating without 
convection currents, heat losses, or other wall effects, 
represents an idealized process which illustrates the 
essential features of the physical phenomena. A very 
small pressure drop takes place across the /lame front, 
accompanied by a large temperature rise. The curve 
in the lower portion of the illustration (not aligned with 
the schematic diagram) represents the temperature 
rise across a laminar /lame "front." The temperature, 
Tb, is approached asymptotically, and the width of the 
/lame front is therefore not strictly defined. The 
adiabatic, one-dimensional problem of flame propagation 
has a solution only if it is assumed that the chemical 
reaction rates are zero below a well-defined ignition 
temperature, or that a small amount of heat is lost at a 
region where the /lame is anchored (that is, at the flame 
holder). The mathematical problem can be described 
quantitatively by solving the coupled equations of flow 
with chemical reactions. 
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Rankine-Hugoniot Curve. The Rankine-Hugoniot 
curve is a plot of pressure vs. specific volume and 
may be constructed for any given real gas mixture by 
solving the applicable set of equations for conservation 
of energy, mass, and momentum. The initial state of 
the gas before the advancing reaction front is represented 
by the point (Po,l / Po) . The calculated final states lie 
along the Rankine-Hugoniot curve. The velocity of a 
stable detonation wave corresponds closely to the final 
state represented by the point of tangency along the 
upper Hugoniot curve for a line drawn from (Po,l / Po). 
The upper solid branch of the curve i§ formed by end 
states corresponding to detonation waves which advance 
at a velocity greater than the velocity of sound into the 
unreacted gas mixture. The lower solid branch cor-
responds to de/lagration waves with propagation velocity 
less than that of sound. The broken line represents 
unobservable end states. The points of tangency are 
termed the upper and lower Chapman-Jouguet (C-J) 
points, respectively, with the lower C-J point cor-
responding to an unobservable limiting state. 
tion flame. It has been found useful, 
in solving some laminar flame prob-
lems, to introduce an approximation 
which is analogous to the steady-state 
approximation of classical chemical 
kinetics. 
Searching experiments have been 
done on flame structure with spectro-
scopic and other techniques. At at-
pressure, such experiments 
provide information about the tem-
perature and composition profiles in a 
spatial region having a thickness which 
is of the order of a hundredth of a 
millimeter. This "thickness" of the 
flame can be increased by burning 
the gaseous mixture at reduced pres-
sure. 
A finding of particular interest to 
chemical scientists is that the emission 
spectra that are characteristic of re-
gions of rapid reaction are usually 
dominated by excited free radicals 
which radiate intensely. Several sci-
entists, K. E. Shuler and A. C. Caydon 
among them, have concluded that the 
emitters may have vibrational and ro-
tational energy distributions that are 
essentially unrelated to the local mean 
energies. 
periment, and for a tube that is suffi-
ciently long, the reaction "front" de-
scribed in the one-dimensional tube 
will first become distorted, and then it 
will accelerate until, ultimately, a 
stable detonation wave is propagated 
at constant velocity. 
This velocity can he calculated, in 
good approximation, if we assume that 
the state of the gases behind the deto-
nation front corresponds to the upper 
Chapman-Jouguet point of the Ran-
kine-Hugoniot curve. The Rankine-
Hugoniot curve is described separately 
on this page, but, briefly, it is a plot 
of pressure VS. specific volume and is 
constructed for a given gas mixture by 
solving the applicable set of equations 
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Detonation Waves in Premixed Gases 
I should like to deal next with the 
fourth and fifth of the quest\ons that 
I enumerated earlier. In any real ex-
AIR 
_----+- Luminous surface 
of "o\lerventilated" 
flame (excess air) 
AIR 
Luminous surface 
of "underventilated" 
flame (excess 
Flames in gases that have not been 
premixed are referred to as diffusion flames. S. P. Burke 
and T. E. W. Schumann made the classical contribution 
in this field in 1928, when they assumed that the flame 
boundaries in initially unmixed gases are located at the 
region where the delivery rates by diffusion of fuel and oxidizer 
occur in stoichiometric proportions. Burke and Schu-
mann's concept is illustrated for flow in two concentric 
tubes with air and fuel mouing with equal linear velocities. 
When the relatiue diameters of the tubes are such that an 
excess of air is delivered, the resulting flame is overventilated 
and the luminous swjace of the flame converges toward the 
tube axis as the reactants proceed downstream. On the 
other hand, when excess fuel is delivered, an underventilated 
flame results and the luminous surface moves outward, 
forming a cup, the rim of which touches the wall. These 
two cases are both shown in the sketch. Since the flame 
reactions are extremely rapid, the flame front is, in a first 
approximation, infinitesimally thin. 
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The burn-
tion studies considerable practical impor-
tance. The burning of an individual droplet in a 
freely falling chamber permits a study of the charac-
teristics of a spherically symmetric, heterogeneous 
diffusion flame. For a droplet in free fall, the in-
fluence of natural convection is eliminated. The 
mathematical problem is an eigenvalue problem 
which yields the consumption rate of the fuel droplet 
as a function of the parameters that define the 
physical situation. Calculated and observed burning 
rates are generally in fair accord; for example, 
the dependence of burning rate on oxygen concen-
tration is predicted quite accurately. The burning 
rate of the droplet is described quantitatively by the 
rate of change of the square of the droplet diameter 
with time. This rate of change becomes constant 
after a relatively short induction period, even in 
those cases where two or more droplets are burning 
in close proximity. 
for the conservation of energy, mo-
mentum, and mass. 
Many experiments have been used 
to demonstrate that stable detonation 
waves propagate at velocities very 
close to those corresponding to the end 
state (point of tangency) predicted on 
the upper branch of the curve. It has 
never been proved rigorously, how-
ever, that this predicted point does, in 
fact, represent the only aIlO\yed end 
state for the set of interdependent 
( chain) reactions occurring in detona-
tions in all real gas mixtures. 
with elucidating the microscopic struc-
ture of the very thin detonation front. 
J. C. Kirkwood, J. O. Hirschfelder, and 
their collaborators have been particu-
larly active in the theoretical work, 
while C. B. Kistiakowski and others 
have been deeply engaged in the ex-
perimental investigations. 
the "jumps" in these paramcters is de-
creased, if proper allowance is made 
for viscous dissipation, heat conduc-
tion, and diffusion. The pressure and 
density decrease as the chemical re-
actions proceed, with pressure falling 
ultimatel\" to about one half of its 
initial value. Various theoretical dif-
ficulties are associated with our present 
understanding of the structure of the 
tail cnd of a detonation wave. 
\Ve consider now another aspect of 
detonation research. Recent theo-
retical studies and experimental re-
scarch have been concerned 
The starting point for the theo-
retical studies lies in the Zeldovich-von 
Neumann-Doring suggestion that a 
detonation wave consists of a shock 
wave, behind which the chemical re-
actions go to completion. The front 
of the shock wave, often called the 
"von Neumann spike," produces very 
increases in pressure, density, 
and temperature; bnt the severity of 
Among the interesting detonation 
studies is the following: the work of 
W. A. Bone, R. P. Fraser, and W. H. 
Wheeler in England on spinning det-
onations, a that 
prove intriguing even to the nonspe-
cialist, who its 
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travel through the gas mixture ill a 
long tube. \Ne know that spililling 
detonations tcnd to occur in gas mix-
tures near the limits of detonahility 
and that they are characterized by pe-
riodic velocity changes. 
The mechanism of transition from 
deflagration to detonation has becn in-
vestigated particularly by Y. B. Zel-
dovich in the U.S.S.R. and by A. K. 
Oppenheim in the U.S.; the study of 
two-dimensional effects in the propaga-
tion of detonation waves has been pio-
neered by J. A. Fay of the Massachu-
setts Institute of Technology. 
Flammability and Quenching Umits 
In burning gaseous mixtures, we 
find experimentally that there are 
composition limits for all chemical mix-
tures, outside of which it is impossible 
to sustain either laminar flames or det-
onation waves. These limits are called 
"limits of flammability" or "limits of 
detonability," as the case may be. 
Similarly, a given gas mixture will 
cease to burn above a burncr port 
when the port diameter is made suffi-
ciently small; these limits are called 
"quenching limits." Limit phenomena 
are also observed in other combustion 
processes. For cxample, a solid pro-
pellant grain, such as a stick of am-
monium perchlorate, will cease to hurn 
below a well-defined pressure-that is, 
below the "low pressure deHagration 
limit." 
\Ve now believe that these limit 
phcnomena are always associated with 
, 
.... 
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energy losses from the system. Flam-
mability limits in tubes of arbitrarily 
large diameters are imposed by radia-
tive energy losses. Quenching limits 
are determined by energy losses to 
the burner port. Low pressure de-
flagration limits of solid ammonium 
perchlorate are probably imposed by 
an effective removal of energy from 
the gas-phase comhustion region 
through a change in the gasification 
mechanism of the propellant surface 
below a well-defined pressure. 
The idea that limit phenomena are 
associated with energy loss from the 
system was prevalent in the Russian 
literature about 20 years ago. Since 
then, it has been transcribed to the 
western literature in more quantita-
tive form by E. Mayer of the U.S. and 
D. B. Spalding of England. 
DifJusion Flames 
Thus far we have discussed only 
flame processes in premixed systems. 
But flame propagation in initially un-
mixed reactant systems is of equal 
fundamental importance and, more-
over, is of far greater technical im-
portance. 
S. P. Burke and T. E. \V. Schu-
mann made the classical contribution 
in this field in 1928, when they pro-
posed the idea that the flame bound-
aries for initially unmixcd gases are 
located at the spatial regions where 
the rates of delivery by diffusion of 
fuel and oxidizer occur in stoichio-
metric proportions. In first approxi-
mation, the flame front is then in-
finitesimally thill. 
Even though the analytical trans-
cription of the Burke-Schumann hy-
pothesis involves many additional ap-
proximations, the calculated and meas-
ured flame shapes are in good agrce-
ment. So are the calculated and 
measured composition profiles. A. C. 
Gaydon of London's Imperial College 
of Science and Technology and H. G. 
\Volfhard, now associated with Thiokol 
Chemical, studied the detailed struc-
ture of the diffusion flame spectro-
scopically in a two-dimensional geom-
etry, and they found that it shows 
the expected gross agreement and de-
viations in detail from the idealized 
diffusion flame model. 
An interesting, spherically sym-
metric, heterogeneous (that is, two-
phase) diffusion flame can be realized 
without troublesome convection effects 
by burning a fuel droplet in an oxi-
dizing atmosphere in a free-fall 
chamber, as was done bv Seiichiro 
Kumagai at the Universit; of Tokyo. 
The treatment of this phenomenon in-
volves an eigenvalue problem which 
yields the consumption rate of the fuel 
droplet as a function of the physico-
chemical parameters defining the prob-
lem. Calculated and observed burn-
ing rates generally are in fair accord 
and, furthermore, the dependence of 
the b\lrning rate on oxygen concentra-
tion is prcdicted quite accurately. 
Customarily, we describe the burn-
ing rate of the fuel droplet by meallS 
of the evaporation constant K', which 
dD{2 
is defined as ~ where D, is tIl<? 
dt 
liquid droplet diameter at time t. 
dD,2 
Interestingly, - -_. becomes con-
dt 
stant after a relatively short inductioll 
period, even for two or more droplets 
burning in close proximity. In the 
latter case, however, we are 111lable 
to calculate an accurate absolute value 
of K'. 
The mechanism of flame propaga-
tion in a one-dimensional array has 
been studied by using a schlieren op-
tical system. The results are ('on-
sistent with the idea that a droplet 
adjacent to a burning droplet bursts 
into flame at that time when a fixed 
minimum energy has been fed into 
the droplet, mostly by conductive heat 
transfer. 
Combustion research is one of those 
arcas of science where, even though 
much fundamental work remains to 
he done, basic concepts are quite 
rapidly put to use in research directed 
toward solution of problems of po-
tential practical importance. Engine 
development provides some interesting 
examples: 
'I> Supersonic in 
air mixtures, which is a key 
in the development of the hypersonic 
ramjet engine. 
'I> Spray burning, which is the essen-
tial problem in the 
combustion mechanism in fuel 
rocket engines. 
'I> The mechanism of decomposition 
and burning rate of solid propellants, 
which is an important problem in de-
signing solid-propellant materials from 
first principles and in understanding 
the stability behavior of solid rockets. 
@! Chemical changes during snhsonic 
and supersonic flow in nozzles. Such 
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Droplet Velocities. The operating characteristics of liquid-fuel rocket 
engines are strongly affected by fuel droplet size, droplet size distribution, and 
droplet velocity through the combustion chamber. R. S. Levine, S. Lambiris, 
and L. B. Combs have used streak photographs to estimate droplet velocities in the 
combustion chamber of a transparent, two-dimensional, liquid-fuel rocket engine, 
and they have used the r(!sulting data in a one-dimensional theory to construct 
velocity vs. distance profiles for droplets having various initial diameters. The 
heavy upper line represents the velocity of the combustion gas, while the other 
lines represent the velocities of droplets having the initial diameters shown for 
each line. The droplet size decreases during burning; as the droplets become 
very small, they begin to approach the velocity of the gas asymptotically. 
A statistical theory of spray burning of liquid fuel may 
be constructed, but full utilization cannot be realized because all the required 
parameters are not available. We need more information, for example, on what 
happens upon collision between droplets, as well as on other factors. Here, a 
test is made of fuel burning with oxygen-enriched air 
changes have potential implications 
for the chemical process industries, 
and they playa significant role in the 
precise theoretical evaluation of the 
performance of chemical rocket en-
gines. They may well determine the 
ultimate utility of the nuclear-powered 
solid-core rocket and the ramjet engine 
that uses hydrogen as the driving Huid; 
and they may also enter, in a decisive 
manner, in the development and con-
struction of high-Mach number air-
breathing engines. 
I shall now consider some of these 
interesting studies in greater detail. 
Supersonic Burning 
Recent studies of the hypersonic 
ramjet-an air-breathing engine that 
has been flown extensively at flight 
speeds up to about 4000 feet per sec-
ond-indicate that optimum results can 
be achieved at very high Hight speeds 
only if it is possible to burn vaporized 
fuel in a high velocity air stream. By 
"very high flight speeds" I refer to 
Mach numbers greater than about 10 
or flight velocities greater than about 
10,000 fect pcr second. (Mach num-
ber is defined here as the ratio of the 
How velocity to the speed of sound in 
normal air.) The vaporized fuel re-
ferred to is bydrogen or kerosine in-
jected at velocities somewhat above 
1000 feet per second into an air stream 
with velocities ranging from about 
2000 to about 8000 feet per second. 
This type of problem has been studied 
by fluid dynamicists such as Antonio 
Ferri, P. A. Libby, M. A. Bloom, and 
others. 
The preferred arrangement is similar 
to that shown for a diffusion flame on 
page 77, except for the higher and 
dissimilar flow velocitics, the removal 
of the outer bounding cylinder, and an 
arrangement of mallY parallel, burn-
ing fuel jets. The snccess of this pro-
gram depends crucially on the attain-
able reaction rates in hot gas mixtures 
and also on the mixing rates between 
the reactant streams, which are now 
determined by turbulent transport 
processes. 
Clearly, if the I11IXl11g processes or 
the ignition and reaction rates are too 
slow, then an enormously long com-
bustion chamber will be required in 
view of the very high velocities of thc 
reactant streams. Quantitative kinetic 
studies ha\'e been made recently by 
N. N. Sel11enov, J. A. L. Nicholls, R. E. 
Duff, S. H. Bauer, and others. Fortu-
nately, these studies suggest that, at 
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Many scientists are engaged in experi-
studies on composite solid propellants. Dr. L. A. Povi-
nelli, NASA Lewis Research Center, gathers spectrograms of burning 
solid propellant composed of ammonium perchlorate, polybutadiene 
acrylic acid, and 9 % dispersed aluminum. With better under-
standing of the combustion mechanism as the immediate goal, the work 
is azmed ultimately at learning what dispersed aluminum does to 
specific impulse and stability 
about 1500° K. and atmospheric pres-
sure, the ignition times are of the order 
of a few microseconds and the reaction 
times are of the order of tens of micro-
seconds. Furthermore, the mlxmg 
times for representative inlet condi-
tions are of the order of tens to thou-
sands of microseconds. rea-
sonable combustor lengths appear feas-
ible for the hydrogen-air reaction in 
supersonic burning, the mix-
ing lengths for the gases can be made 
sufficiently short. The latter condition 
appears to have been met in 
work Antonio Ferri and 
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his colleagues at the Polytechnic In-
stitute of Brooklyn. 
We may construct a statistical the-
ory of spray burning, as F. A. \Villiams 
has done, starting from an equation 
which is analogous to the Boltzmann 
equation. Unfortunately, the param-
eters needed for utilizing the 
statistical theory of spray are 
not available. \Ve do not understand 
the processes 
upon collision bet\\'een 
lets, for example. ,'>.;01' do we under-
stand the influence of evaporation on 
droplet drag, the chemical and trans-
port rates in arrays of burning droplets, 
and other factors that must be con-
sidered. Fairly succcssful one-dimen-
sional theories of spray burning have 
been constructed, however, for cor-
relating observed droplet velocity pro-
files in liquid-fuel rocket engines. 
R. S. Levine, S. Lambiris, and L. P. 
Combs have estimated droplet yc-
loci ties in the combustioll clJamber of 
a transparent, two-dimensional liquid-
fuel rocket engine by nsing streak 
photographs. These have been llsed 
in a one-dimensional theory to con-
struct velocity V8. distance profiles for 
droplets with various initial diameters. 
"'1U·t1I.U1P' Mechanism of 
Solid 
During the \Vorld 'Val' \'ears, 
Farringtoll Daniels, B. L. Cr~l\~'f()nl, 
Jr., and O. K. Hice studied extensi\'ely 
the burning mechanism of double-hasc 
solid propellants, for example, homo-
geneous propellants containing nitro-
cellulose and nitroglYcerine. :\lore re-
cently, attention has bccn focuscd 0]] 
heterogeneolls composite solid propcl-
lants and on the separate components 
from which these propellants arc pre, 
pareel. Tn particular. Haymond Fricd-
man of Atlantic Hesearch has done 
some thorough experimental work on 
pure ammonium perchlorate, and 'Vi!-
]jam Nachbar and his collcagucs at 
Lockheed have done eqnally thoro11gh 
theoretical work on the same sub-
stance. In addition, R D. Schultz and 
his colleagues at Aerojet-General ha\'c 
conducted similar studies on various 
hydrocarbon-containing binders. As 
the result of these studies, a beginning 
has been made in understanding the 
mechanism of decomposition of the 
pure components. 
Martin Summerfield and his col-
leagues, as welI as other scientists, 
have performed detailed experimental 
studies on the composite propellants 
themselves in order to anS'Ner such 
basic questions as the influence of 
particle size on burning rate. '''hen 
coupled with heuristic arguments con-
cerning burning mecLinisms and fates 
of the propellants, the rc:sults of these 
experimental studies lead to formulas 
that are useful for correlating the 
measured of rate 
on pressure for various com-
the time ap-
be far in the future when 
knowledge of the chemical composi-
tion alone will be enough for an ab-
solute prediction of burning rate. But. 
the implications of solid propellant 
bWning rate for the stability behavior 
of rocket motors is an area that has 
recently received very serious study 
by several scientists, F. T. McClure of 
Applied Physics Laboratory among 
them. 
Chemical Changes During 
Nozzle Flow 
About 15 years ago, quantitative 
analytical studies of chemical reactions 
during flow in de Laval nozzles were 
carried out by the author in order to 
define the precise theoretical perform-
ance limits of chemical rocket engines. 
It is apparent that recombination re-
actions in the nozzle, involving atoms 
and free radicals that were formed in 
the combustion chamber, are generally 
exothermic and will increase the tem-
perature and translational energy of 
the gases. Hence, they will lead to 
improved thrust or performance by 
the engine. The relative rates of the 
chemical rcactions and of the flow in 
the nozzle determine the extent to 
which chcmical changes occur. Using 
these ideas, it is not difficult to develop 
simple analytical criteria that permit 
the classification of many chemical 
systems into those involving no chemi-
cal changes during the residence time 
and those where chemical cquilibrium 
is essentially maintained. 
In recent years, informative experi-
ments with the N20~ ::::= 2:'IJ02 system 
P. P. \Vegener and elaborate ana-
lytical work by J. C. Hall and his as-
sociates have been performed for 
nozzle flow of heated air discharging 
from hypersonic tunnels, and P. A. 
has done similar work for the 
combustion products formed in hydro-
gen-oxygen systems. The theoretical 
studies are of dominant importance in 
the performance of hyper-
sonic ramjets. They are also interest-
in connection with the develop-
ment of rockets using high-energy pro-
For performance, the nu-
clear rocket that uses hydrogen as the 
fluid must be in 
such a way that extensive recombina-
tion of hvdrogen atoms occurs in the 
nozzle. 'Possibly, this objective can 
be achieved by replacing the homo-
geneous three-body (gas phase) re-
combination reactions with two suc-
cessive two-body processes, through 
the judicious introduction of finely 
divided solid materials. 
Trends for the Future 
Among the important areas of com-
bustion research that we have not con-
sidered here are the perennial prob-
lems concerning fuel utilization in in-
ternal combustion engines and burners. 
But these topics properly form the 
subject of another survey, which would 
overlap the present discussion only in-
sofar as some of the pertinent basic 
studies on flame propagation are con-
cerned. 
In commenting on the future of 
combustion science, the next impor-
tant step motivated by propulsion de-
velopment seems evident. \Vith th"1 
advent of higher flight speeds during 
cruise and entry into planetary at-
mospheres, temperature levels will 
rise to the point where radiative trans-
fer processes and photochemical phe-
nomena, considered negligible at lower 
temperatures, will become important 
and perhaps even dominant. Theo-
retical and experimental combustion 
studies should therefore increasingly 
encompass, first, radiative energy 
transfer and, ultimately, photochemi-
cal reactions and other elenwntary 
processes involving the interplay of 
photons with elementary reaction 
steps. Coupled with this development 
must be the design and construction of 
cooled or ablating materials, probably 
plastics, as well as the systematic 
measurement of new sets of thermo-
chemical data on materials designed 
for various high temperature applica-
tions. 
One more interesting point: The 
demands of propulsion development 
have led to such detailed scrutiny of 
the complex reaction mechanisms and 
reaction rates of a number of basic 
chemical processes that major contri-
butions to our understanding of the 
chemical kinetics of systems Sl1ch as 
hydrogen-air have rcsulted. Another 
pertinent example of this lies in the 
DR. S. S. PEN-
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I nstitute for De-
fense Analysis' research and engineer-
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Having received his Ph.D. from the 
University of Wisconsin in 1946, he 
joined the staff at Caltech's Jet Pro-
pulsion Laboratory in 1947 as a senior 
research engineer and received his first 
teaching appointment in 1950. He lias 
been a consultant to many government 
agencies and to aircraft, missile, and 
chemical companies, and has been in 
demand as a visiting lecturer and pro-
fessor here and abroad. Dr. Penner is 
a U.S. member of the executive com-
mittee for the combustion and pro-
pulsion panel of NATO's Advisory 
Group for Aeronautical Research and 
Development (AGARD). He i~ a~so a 
member of the research adVisory cOlln-
cil on I'ngilwering science for the 
USAF Office of Scientific Research and 
is on the committee on high-tempera-
ture phenomena of N AS-NRCs divi-
sion of chemistry and chemical tech-
nology. Recently, he was named to 
the NASA research advisory committee 
on air-breathing engines. Among 
other editorial attainments, Dr. Penner 
is editor of The Journal of Quantita-
tive Spectroscopy and Radiative Trans-
fer al1d is on the editorial board for 
Astronautics. 
highly successful description of reac-
tions in heated air. The work on 
heated air was motivated largely hy 
our need for a better understanding 
of heat transfer during missile and 
satellite re-entry into the atmosphere 
of the earth. Similar problems will, no 
doubt, soon be tackled relative to entry 
into the atmospheres of Mars, Venus, 
and other planets. The prospect of 
landing on Venus, for example, lends 
particular urgency to a study of reac-
tion kinetics in mixtures of carbon 
dioxide and nitrogen. 
JAN. 14, 1963 C & E N 83 
""eprinted "Crom ClJJ2HICAI. E:;C::3EERVC lTEiiS, Vol. U, Jan. 1L, 1963, 
Copyrivht 1963, cy the .tLmerican C~emical Soc:"e:,y a~d reprinted by perraission of :,:--_e 
